AMP-activated protein kinase (AMPK) serves as a fuelsensing enzyme that is activated by binding of AMP and subsequent phophorylation by upstream kinases such as the tumor suppressor LKB1, when cells sense an increase in the ratio of AMP to ATP. Acute activation of AMPK stimulates fatty acid oxidation to generate more ATP and simultaneously inhibits ATP-consuming processes including fatty acid and protein syntheses, thereby preserving energy for acute cell-surviving program, whereas chronic activation leads to inhibition of cell growth. The goal of the present study is to explore the mechanisms by which AMPK regulates cell growth. Toward this end, we established stable cell lines by introducing a dominant-negative mutant of AMPK a1 subunit or its shRNA into the prostate cancer C4-2 cells and other cells, or wild type LKB1 into the lung adenocarcinoma A549 and breast MB-MDA-231 cancer cells, both of which lack functional LKB1. Our results showed that the inhibition of AMPK accelerated cell proliferation and promoted malignant behavior such as increased cell migration and anchorage-independent growth. This was associated with decreased G1 population, downregulation of p53 and p21, and upregulation of S6K, IGF-1 and IGF1R. Conversely, treatment of the C4-2 cells with 5-aminoimidazole-4carboxamide 1-D-ribonucleoside (AICAR), a prototypical AMPK activator, caused opposite changes. In addition, our study using microarray and RT-PCR revealed that AMPK regulated gene expression involved in tumor cell growth and survival. Thus, our study provides novel insights into the mechanisms of AMPK action in cancer cells and presents AMPK as an ideal drug target for cancer therapy.
Introduction
AMP-activated protein kinase (AMPK) acts as a fuelsensing enzyme that is highly conserved from yeast all through humans, consisting of three subunits, a catalytic subunit (a) and two regulatory subunits (b and g) (Hardie, 2007) . Each subunit in mammals contains two to three isoforms (a1, a2; b1, b2; g1, g2, g3) . AMPK is activated under stress conditions such as, hypoxia, ischemia and exercise where the intracellular AMP level or the ratio of AMP to ATP is increased. As a result, AMP binds to the g subunit, enabling phosphorylation of threonine 172 in the activation loop of the a catalytic subunit by upstream kinases such as LKB1 and CaMKK, yielding an active conformation. AMPK can also be activated by hormones and cytokines, such as two adipocytes-derived hormones, leptin and adiponectin, and IL6 and CNTF. In addition, AMPK can be activated by a variety of pharmacological agents. The prototypical activator is 5-aminoimidazole-4-carboxamide 1-D-ribonucleoside (AICAR), a cell permeable agent that is phosphorylated and converted to ZMP, an AMP analog, after entering the cell. Importantly, two types of clinically used antidiabetic drugs, metformin and thiazolidinediones, have been known to activate AMPK (Hardie, 2007) . Upon activation, AMPK phosphorylates a plethora of substrates. Therefore, the activation of AMPK promotes fatty acid oxidation to generate more ATP in coping with acute energy demand and inhibits ATP-consuming processes such as lipid and protein synthesis to preserve energy for the cellsurviving program (Luo et al., 2005; Hardie, 2007) .
Considerable amount of evidence has demonstrated that AMPK is implicated in the metabolic syndrome and cancer cell growth and metabolism (Luo et al., 2005; Hardie, 2007) . Thus, decreases in AMPK activity are associated with insulin resistance, which can be improved by pharmacological activators of AMPK. Furthermore, many therapies that have proven useful in treating the metabolic syndrome in humans, including thiazolidinediones, metformin, caloric restriction and exercise, have been shown to activate AMPK. In addition to its association with the metabolic syndrome, AMPK is emerging as an important modulator of energy metabolism in cancer cells and thereby regulating their growth (Luo et al., 2005) . First, it has been reported that obesity which often concurs with insulin resistance and decreases in AMPK activity has been shown to be associated with increased risk and/or mortality of many types of cancer such as those derived from breast, colon, colorectum, prostate and ovary (Calle et al., 2003) . Second, the metabolic syndrome manifesting hyperlipidemia, hyperglycemia and hyperinsulinemia is a risk factor of several types of cancers (Chang and Ulrich, 2003; Luo et al., 2005) . Thus, treatment of type 2 diabetes with metformin significantly reduces the incidence of cancers (Evans et al., 2005) . Third, reduced levels of adiponectin have been found in the plasma of patients with some cancers including breast and prostate cancers, and treatment of cancer cells with adiponectin attenuates their growth and even induces apoptosis (Barb et al., 2007; Grossmann et al., 2008) . Finally, in animal studies, maneuvers that activate AMPK (for example, treatment with AICAR, metformin and thiazolidinediones and exercise) can inhibit tumor development (Lee, 2003; Xiang et al., 2004; Rattan et al., 2005; Buzzai et al., 2007; Dowling et al., 2007; Isakovic et al., 2007; Huang et al., 2008) .
At molecular levels, AMPK has been linked to oncogenes and tumor suppressors. Thus, the first physiological activator of AMPK is LKB1/Stk11 (Carling, 2006) . Loss-of-function mutations of LKB1 account for an autosomal-dominant genetic disease called Peutz-Jegher syndrome. The patients with this genetic disease develop benign tumors in their gastrointestinal system and have an increased risk for gastrointestinal adenocarcinomas. Most of the mutations impinge on the kinase domain of LKB1causing the loss of kinase activity. In addition, somatic mutations of the LKB1 gene have been found in several other cancers, for example, in 34% of lung adenocarcinomas, 19% of squamous cell carcinomas and other cancers (Su et al., 1999; Ikediobi et al., 2006; Ji et al., 2007) . Although a complete ablation of LKB1 causes embryonic lethality in mouse, its heterozygous deletion increases the incidence of tumor in the intestine and stomach (Luo et al., 2005) and predisposes animals to carcinogenesis induced by 7,12 dimethylbenz(a)anthracene, thus developing squamous cell carcinomas of the skin and lung (Gurumurthy et al., 2008) .
In addition, AMPK has been shown to phosphorylate and activate tuberous sclerosis complex protein 2 (Inoki et al., 2006) . This protein together with TSC1 forms a GTPase-activating protein for Rheb, an activator of mTOR. Loss-of-function mutations of TSC proteins cause another autosomal genetic disease, tuberous sclerosis characterized by harmatomas in multiple tissues. Recently, AMPK has been shown to phosphorylate and inhibit Raptor, another mTOR modulator (Gwinn et al., 2008) . Thus, the net effect of AMPK activation is to inhibit mTOR, thereby impeding protein synthesis and cell cycle progression (Luo et al., 2005) .
Enzymes essential for free fatty acid synthesis, including fatty acid synthase (FASN) and acetyl CoA carboxylase (ACC), can be inhibited by AMPK by virtue of direct phosphorylation and/or regulation of transcription (Luo et al., 2005) . FASN is regarded as a metabolic oncogene, as it is highly expressed in several types of cancers, such as breast, prostate and ovarian cancers (Kuhajda, 2000; Baron et al., 2004) . Studies have shown that the inhibition of FASN activity by pharmacological agents or by siRNA attenuates cell proliferation of cancer cells and causes their apoptosis (Thupari et al., 2001; De Schrijver et al., 2003) . Finally, AMPK has been shown to regulate the activity of the p53 tumor suppressor resulting in inhibition of cancer cell growth (Jones et al., 2005) .
In light of the fact that cancer cells require high levels of protein and lipid synthesis for accelerated growth, we have tested the hypothesis that the activation of AMPK by pharmacological agents could lead to the inhibition of their growth and shown that it does so in prostate cancer cells by suppression of mTOR, FASN and ACC (Xiang et al., 2004) . Thus, we attempt to extend these studies by examining if AMPK directly regulates the growth of prostate cancer cells. In this report, we demonstrate that loss of LKB1/AMPK activity leads to an increase in cell proliferation, migration and invasion of prostate cancer cells. Furthermore, our results reveal that AMPK exerts its tumor suppressive function by targeting multiple oncogenes and tumor suppressors.
Results
Inhibition of cell proliferation by LKB1/AMPK Previously, we have shown that AMPK activators, AICAR and rosiglitazone, inhibit the growth of prostate cancer cells, which is associated with suppression of mTOR/S6K, ACC and FASN (Xiang et al., 2004) . In this study we attempted to assess whether the effects of these pharmacological agents were mediated by AMPK. Toward this end, we used a lentiviral expression system to express LKB1 in two types of cancer cells, A549, a lung adenocarcinoma cell line and MB-MDA-231, a breast cancer cell line, both of which do not have functional LKB1 because of mutations. In addition, we infected lentivirus coding for a dominant-negative mutant of AMPK a1 subunit into two prostate cancer cell lines, PC3 and C4-2 that was derived from LNCaP cells, reflective of androgen-independent, more advanced stage of prostate cancer cells and also into NIH3T3 F442a preadipocytes. Different cells (10 5 cells) were plated onto 6-well plates and the doubling time was calculated after 72 h. As shown in Table 1 , the doubling time was markedly increased when wild type LKB1 was introduced back to A549 and MB-MDA-231 cells. In contrast, the rate of cell proliferation was accelerated when the dominant-negative AMPK mutant was expressed in PC-3, C4-2 and F442a. This result clearly demonstrates that LKB1/AMPK exerts an inhibitory effect on cell proliferation.
We then focused our attention to the prostate cancer C4-2 cells and first analyzed cell population at different stages of the cell cycle by FACS. As shown in Figure 1a , as compared with the cells containing the empty control viral vector, the G1 population of the cells expressing the a1 mutant (DNa1) was decreased (46 vs 63%, Po0.05), whereas G2/M population correspondingly increased (33 vs 20%). To unravel the molecular mechanisms underlying this difference, we carried out immunobloting and found that in the DNa1-containing cells, the abundance of p53 and p21 was reduced, whereas total S6K as well as its phosphorylated form and expression of the IGF1 receptor increased (Figure 1b ). In parallel, C4-2 cells were treated with AICAR and analyzed by FACS and western blot. As shown in Figure 2a , treatment of the cells with AICAR from 8 to 24 h progressively increased the G1 population (Po0.05, 24 h vs control), concomitant with a decrease in G2/M phase (Po0.01, 24 h vs control). This was associated with upregulation of the tumor suppressors p53 and p21, and downregulation of oncogenic proteins including phosphorylation of S6K and expression of cyclin D1 and IGF1R ( Figure 2b ). Altogether, these results suggest that AMPK controls cell proliferation by modulating the activity and expression of a specific set of tumor suppressors and oncogenic molecules.
Regulation of gene expression by AMPK
Different behaviors of the C4-2 prostate cancer cells with or without the dominant-negative mutant of AMPK a1 subunit prompted us to ask what downstream targets were regulated by AMPK. Thus, we performed a profiling analysis using Affymetrix wholegenome oligonucleotide microarrays. In doing so, total RNA was isolated from the C4-2 cells containing DNa1 or empty viral vector and reversely transcribed into cDNA, which was used as a template for in vitro transcription. The obtained Biotin-labeled cRNA was purified, fragmented and hybridized to the microarray chip. The hybridized samples were stained with streptavidin-R-phycoerythrin and the signal was amplified using a biotinylated goat antistreptavidin antibody. We derived transcript-level expression estimates from probe-level hybridization intensities for each sample using the MAS 5 algorithm as implemented in the GCOS software package (Affymetrix Inc.). Cyber-T analysis was performed in R 2.6.1 (for reference, see http://www.R-project.org) using the parameters recommended by Baldi and Long, (2001) . For the initial Cyber-T analysis, all 54 675 probesets on the array were analyzed after first log transforming the expression estimates. All of the probesets were included to obtain robust estimates of the local variability in gene expression. We then restricted our subsequent search for differentially expressed transcripts to the 30 142 probesets that had sequence-specific signal in at least one Table 1 Impact of LKB1/AMPK on cell doubling
Cell line
Doubling time (H)
Wild-type LKB1 or dominant-negative mutant of AMPKa1 subunit was constructed in a lentiviral vector, and virus was produced from HEK293FT cells and infected into the cells as indicated. The cells infected with empty virus were used as a control. Each pair of stable cells was plated in the same number and at 72 h, viable cells were counted under hemacytometer after staining with trypan blue. The effect of dominant-negative mutant of AMPK a1 subunit on cell cycle profiles. (a) Stable C4-2 cells expressing the a1 subunit mutant (DNa1) or empty vector (E) were established using lentiviral system and the cells at 70% confluence were subjected to FACS analysis, as described in Materials and methods. The graph represents mean ± STDV of a triplicate experiment (two-tailed t-tests). (b) In parallel, cell extracts were blotted with antibodies, as indicated.
sample (MAS 5 detection P-value below the Affymetrix recommended default of 0.04 in at least one sample). For these probesets, the Cyber-T P-value was adjusted to account for multiple testing using the False Discovery Rate method of Klipper-Aurbach et al. (1995) . The 141 probesets with an False Discovery Rate-adjusted P-value o0.05 for the difference in expression between the two groups were considered to be differentially expressed. Upregulated or downregulated transcripts encoding protein products involved in tumorigenesis, proliferation and apoptosis were listed in Table 2 and 3.
To validate the results of microarray analysis, we selected several genes that mostly interested us because of their potential roles in regulating the growth/survival of prostate cancer cells and carried out quantitative realtime PCR. In doing so, we used different batches of C4-2 cells and prepared total RNA for RT-PCR. GAPDH was used as an internal control to normalize the signal for the transcripts of interests. The results of quantitative RT-PCR analysis were consistent with the microarray data, although fold changes were different, which might be attributable to different methods ( Figure 3a ). We found that cell proliferation-stimulating factors such as IGF1, IGF1R and EphA3 were upregulated in the cells expressing the dominantnegative AMPK a1 mutant, whereas the factors that might inhibit cell proliferation including p53, LITAF and TNFSF15 were downregulated. To confirm the The effect of AICAR on cell cycle profiles. The same number of C4-2 cells (10 5 cells) was plated 1 day before treatment with or without AICAR for 8 and 24 h and subjected to FACS analysis (a), and western blot with antibodies, as indicated (b). The graph represents mean ± STDV of a triplicate experiment (two-tailed t-tests). (Figure 3b ). The RT-PCR analysis revealed a similar trend of changes in gene expression when a1 was silenced or when the cells containing scrambled shRNA were treated with compound C, a pharmacological AMPK inhibitor (Figure 3b ). Finally, we assessed if activation of AMPK achieved the effects opposite to those observed in the DNa1-and a1 shRNA-containing cells. Thus, the parental C4-2 cells were treated with AICAR for 24 h and their changes in the expression of genes was examined. Indeed, the changes caused by AICAR treatment were opposite to those in shRNA transfectants (Figure 3c ). Of note, our microarray and/ or real-time PCR data also revealed that the expression of some potential oncogenes (for example, EGF) was decreased in the DNa1 cells, whereas a few tumor suppressors upregulated (for example, EAF2). The biological significance of such changes awaits further investigation.
AMPK inhibits malignant properties of prostate cancer cells
Next, we assessed if alteration of the gene expression by AMPK is in line with changes in transformed phenotypes of C4-2 cells. First, cell migration was assayed using transwell chambers. Thus, the same number of the cells containing DNa1 or empty vector as a control was loaded on filter membranes and the cells were allowed to migrate through the membranes, stained with DAPI, photographed under fluorescent microscope and counted. Figure 4a shows that the expression of DNa1 significantly promoted the migration of C4-2 cells. Second, anchorage-independent growth of C4-2 cells was examined on soft agar. In this experiment, the same number of C4-2 cells was plated on soft agar and after 2 weeks, colonies were stained with MTT and counted. As shown in Figure 4b , the number of colonies of DNa1-C4-2 cells was remarkably greater than that of empty vector (approximately four times). Thus, our data demonstrate that the suppression of AMPK accelerates cell proliferation and augments malignancy of cancer cells.
Discussion
Previously, we have shown that the AMPK activator AICAR inhibits the growth of prostate cancer cells, which is associated with the inhibition of mTOR, FASN and ACC, enzymes essential for protein and fatty acid synthesis and cell proliferation and/or survival of prostate cancer cells (Xiang et al., 2004) . In those studies, we also observed the same inhibitory effect of AICAR on the growth of the DU145 prostate cancer cells, where LKB1 is inactivated by mutation such that AMPK cannot be activated by AICAR (data not shown). Thus, the growth inhibition of this cell line induced by AICAR may occur through a different mechanism, such as inhibition of DNA synthesis, as IMP derived from AICAR/ZMP can disrupt the ratio of purine and pyramidine nucleotides by increased synthesis of adenine and guanine-nucleotide, thus inhibiting DNA synthesis independent of AMPK (Gong et al., 1993) . To ascertain if AMPK per se exerts an inhibitory (Xiang et al., 2004) , we found that the inactivation of AMPK in C4-2 cells accelerated cell proliferation and promoted malignant phenotypes. These changes were correlated with increased activity of mTOR/S6K, and downregulation of p53 and p21. Previously studies from other labs have shown that AMPK can phosphorylate S15 on p53 and thus regulates its function (Jones et al., 2005) . In our study, we did not observe changes in S15 phosphorylation (data not shown), but instead, we found that AMPK increased the abundance of p53, which is consistent with a previous report (Rattan et al., 2005) . Further, our data suggest that this occurs at transcrip-tional level. Finally, our present study demonstrates novel results that AMPK regulates a number of important modulators involved in cell proliferation, survival and tumorigenesis. Increased plasma IGF-1 has been known to be a risk factor for many cancers including prostate cancer and thus the IGF-I pathway has been regarded as a potential target for cancer therapy (Sachdev and Yee, 2007) . Previous studies have shown that a combination of low fat diet and exercise (DE) decreases plasma IGF-I and increases IGF-I binding protein 1 (IGFBP-1), an inhibitor of IGF-I (Ngo et al., 2003) . Serum from men receiving DE intervention reduces the growth of LNCaP cells and induces their apoptosis in vitro, an event that can be reversed by adding IGF-I to the post DE serum. In addition, the effect of post DE serum can be Quantitative PCR analysis of gene expression. Total RNA was isolated from C4-2 cells and reverse transcription performed, followed by quantitative PCR using primers listed in Table 4 . Each sample was amplified in triplicate and normalized to GAPDH expression. Results were evaluated by the comparative threshold cycle value method for relative quantification of gene expression. Bars represent mean±STDV. (a) The effects of DNa1 on expression of the genes selected. In each gene amplification, the value for DNa1 was expressed as fold of the empty control value (E). (b) The effects of suppressing a1 subunit on gene expression by infecting lentivirus for a1 shRNA (Si-4), as compared with scrambled shRNA (Si-1) or treating the cells containing scrambled RNA with compound C (Si-1 þ ComC). The lower panel shows the silencing effect of shRNA on a1 expression by RT-PCR where PCNA was used as a control and by western blot, where b-actin was a control. In each gene amplification, the value for Si-4 or Si-1 þ ComC was expressed as fold of the Si-1 value. (c) Quantitative PCR analysis of gene expression was performed after treatment of C4-2 parental cells with or without AICAR. In each gene amplification, the value for AICAR treatment was expressed as fold of the value from untreated cells. recapitulated by adding IGFBP-1 to the pre-DE serum. These studies clearly indicate that IGF-I plays an important role in control of LNCaP cell growth and survival. Although complicated mechanisms might be involved, the DE intervention can induce activation of AMPK in multiple tissues (Luo et al., 2005) , which may contribute to the decrease of plasma levels of IGF-I. At posttranslational levels, it has been shown that AMPK specifically inhibits the IGF-I-signaling pathway (He et al., 2006) . Here for the first time, we show that IGF-I and IGF-I receptor are downregulated by AMPK in a prostate cancer cell line.
Another interesting AMPK target is EphA3, which is among 14 members of the ephrin receptors making up the largest family of receptor tyrosine kinases in humans (Manning et al., 2002) . These receptors are associated with eight members of the ephrin ligands. The Eph/ ephrin molecules are involved in various developmental processes. The EphA receptors are often upregulated in cancer cells (Pasquale, 2008) and could promote the growth of transformed cells in the absence of the ligands or inhibit their growth by binding to their corresponding ligands. A recent study of genome-wide mutations in human lung adenocarcinomas has demonstrated that the EphA3 gene is mutated at a high frequency, suggesting that the mutated EphA3 acts as an oncogene (Ding et al., 2008) . EphA3 has also been found in prostate cancer cells, whose expression levels are associated with a degree of malignancy (Singh et al., 2008) . Our study has shown that the inactivation of AMPK by expression of the dominant-negative mutant or shRNA of AMPK a1 subunit or incubation of the cells with compound C leads to an upregulation of EphA3, in accordance with accelerated cell growth, whereas the AMPK activator AICAR exerts an opposite effect. Thus, our data suggest a link between AMPK and oncogenic EphA3. In addition, we identified several other potential AMPK targets such as LITAF, TNFSF15, MAGEC2 and MAGEA4. Of note, our microarray data revealed that some growth-promoting factors (for example, EGF and CD24) are downregulated and potential tumor suppressors upregulated (for example, EAF2) when AMPK is inactivated. The significance of these findings is not clear at present. We will need to consider the global and integrated effects of AMPK on gene expression and growth suppression in the follow-up studies. Jimenez et al. (2003) have performed genome-wide profiling in A549 cells after transfection of LKB1. By comparison, we could not find a significant similarity between our results and theirs, except that TNFSF4 and TNFSF10 are increased by transfection of LKB1 in their study. It is not surprising that we have different findings, because of the following reasons: (1) different genetic background of these two cell lines, (2) multiple targets of LKB1 in addition to AMPK and (3), different approaches used in these two studies; while they employed a transient expression, we made a stable expression in this study.
In the end, we should point out that the rationale behind this study is based on several observations. First, AMPK is often suppressed in obesity and metabolic syndrome (Luo et al., 2005) . Second, epidemiological studies have indicated a positive association between the metabolic syndrome and prostate cancer (Lund Haheim et al., 2006) . Third, in advanced stages of prostate cancer, the PTEN function is often found lost, leading to a constitutive activation of Akt, which in turn could cause an inhibition of AMPK (Majumder and Sellers, 2005; Horman et al., 2006) . Altogether, these findings strongly suggest that AMPK plays a role in regulating the growth of malignant cells. In keeping with this notion, our present study shows that the inactivation of AMPK augments malignant behaviors of prostate cancer cells and its activation suppresses their growth.
In addition, we demonstrate that many genes involved in cell growth and tumorigenesis are regulated by AMPK. Therefore, our findings offer us a new direction in elucidating the mechanism of AMPK action. And also, they provide us a good rationale to take AMPK as a candidate for cancer therapy.
Materials and methods
Materials AICAR was purchased from Toronto Research Chemicals Inc., (North York, ON, Canada). Compound C was from EMD Chemicals Inc., (Gibbstown, NJ, USA). Antibodies for IGF1R were from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA). Antibodies for total and phospho-T172 of AMPK, S6K1 and phospho-S389 S6K1 and clyclin D1 were from Cell Signaling Technology Inc., (Danvers, MA, USA). Antibodies for p53 and p21 were from Millipore (Billerica, MA, USA). Mission lentiviruses for the AMPK a1 subunit and scrambled shRNAs were purchased from Sigma (St Louis, MO, USA).
Construction of dominant-negative AMPK mutant cDNA for the dominant-negative mutant of human AMPK a1 catalytic subunit (D139A) was kindly provided by Dr Carling and cloned by PCR into a lentiviral vector where a flag epitope was added to the aminoterminus of the a1 mutant (DNa1). Lentivirus was prepared as described earlier (Wu et al., 2000) .
Stable cell lines
Prostate cancer C4-2 cells in 10% FBS-RPMI 1640 medium, prostate cancer PC3 cells and lung cancer A549 cells in 10% FBS-Ham's F12K medium, and breast cancer MDA-MB-231 cells in 10% FBS-DMEM medium were cultured in 37 1C cell culture incubator containing 5% CO 2 . NIH3T3 F442a cells were cultured in DMEM supplemented with 10% calf serum. The cells were infected with lentivirus expressing the dominant-negative AMPK a1 mutant or parental empty viral vector (C4-2, PC3 and F442a cells) and selected with blasticidin for 2 weeks, or infected with lentivirus-expressing LKB1 (A549 and MDA-MB-231 cells) or shRNA, and selected with puromycin.
Immunoblot
Immunoblots were carried out according to protocols provided by vendors of antibodies. Briefly, protein samples (25 mg) were subjected to SDS-PAGE and electrophoretically transferred to PVDF membranes (Millipore). The membranes were sequentially blotted with the first and second antibodies, and developed by the enhanced chemiluminescence (ECL) method.
Fluorescence-activated cell sorting analysis
Cells were allowed to grow to 70-80% confluence before trypsinization and resuspension in ice-cold buffer (65% phosphate-buffered saline, 35% ethanol) at a concentration of 1-5 Â 10 6 cells per ml for at least 1 h. The fixed cells were recovered by centrifugation (1000 Â g, 5 min), washed 3 times in PBS and resuspended in 1 ml PBS containing 8 mg RNase A and 50 mg propidium iodide (PI). The PI stained samples were then incubated in the dark at RT for 30 min and assayed by FACS on a Becton-Dickinson flow cytometer with Cellquest software.
Soft agar assay for colony formation Anchorage-independent assay was carried out on soft agar. Dividing cells were trypsinized and plated at a density of 20 000 cells per well in 0.6% agar-10% FBS-RPMI 1640 onto solidified 1% bed agar in the same culture medium in 6-well plates. One milliliter of culture medium was added onto the top of solidified agar and changed every 3 days. After 10-14 days of culture in humidified tissue culture incubator, plates were stained with 0.5 ml MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) (10 mg/ml) for >1 h, and colonies photographed and counted under microscopy.
Cell migration assay
Cell migration was assayed using Transwell chambers with 8 mm pore size membranes (6.5 mm diameter inserted into 24-well plates), according to the protocol provided by the manufacturer (Corning, NY, USA). The lower chamber was filled with 600 ml DMEM containing 10% FBS. Cells (1 Â 10 5 ) were suspended with 100 ml serum-free DMEM and evenly distributed onto the upper chamber. After 16 h of plating, the cells remaining on the upper surface of the filters were removed with cotton swabs and those on the lower surface were fixed with 100% methanol and stained with 4 0 ,6diamidino-2-phenylindole (DAPI) (Pierce, Rockford, IL, USA). The membranes with stained cells were cutoff and mounted on a glass slide. Pictures were then taken under a fluorescent microscope and the cell number was counted.
RNA preparation and reversed transcription
Total cellular RNA was isolated from 100-mm dish using RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and the reverse transcription reactions were carried out using a kit manufactured by Promega (Madison, WI, USA).
Quantitative real-time PCR analysis
The expression of mRNA was examined by real-time PCR with the ABI 7300 Real-time PCR System (Applied Biosystems, Foster City, CA, USA), using SYBRGREEN PCR Master Mix 2 Â reagent in 20 ml reaction volume. The primers for RT-PCR were designed and synthesized to give rise to 70-100 bp products, according to Invitrogen primer design program. The primer sequence is listed in Table 4 . Each sample was amplified in triplicate and normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. Results were evaluated by the comparative threshold cycle value method (2 ÀDDCt ) for relative quantification of gene expression. EphA3  TACTTCCGGGCAGACAAAGA  TTCTTGGTGAAGATGGAGGTC  FN  TCAGACAATGCAGTGGTCTTAAC  TCGTAGACACTGGAGACACTCAC  GAPDH  ACAGTCAGCCGCAT  GACAAGCTTCCCGT  IGF1  TGTGGAGACAGGGGCTTTTA  ATCCACGATGCCTGTCTGA  IGF1R  AAAAACCTTCGCCTCATCC  TGGTTGTCGAGGACGTAGAA  LITAF  GGCATGAATCCTCC  AGCTCTGCAGTTGG  Magec2  GTATATGCTGGGAGGGAGCA  GTCCCTGCACCCAAACTTTA  p53  AGGCCTTGGAACTCAAGGAT  CCCTTTTTGGACTTCAGGTG  TNTSF15  CAAGGGCACACCTGACAGT  CCTAGTTCATGTTCCCAGTGC  AMPKa1  TGCGTGTACGAAGGAAGAATCC  TGTGACTTCCAGGTCTTGGAGTT  PCNA  GGCACTCAAGGACCTCATCAA  AATGCCTAAGATCCTTCTTCATCCT 
